ABSTRACT The rotor is a key component of rotating machinery, thus it is of great importance to quantitatively detect its damage. Since the sensitivity matrix in the impedance-based rotor damage identification model with a single piezoelectric transducer has lower rank and the available impedances are not sufficient enough, a highly underdetermined inverse problem arises, which may seriously affect the identification of the damaged location and severity. It follows that a coupled impedance-based composite rotor damages detection method with double piezoelectric transducers is proposed to improve the accuracy of damage identification. In this method, the dynamics characteristics of the electromechanically coupled system can be changed by adding a piezoelectric transducer and a corresponding circuit. Thus the coupled impedance is different from the rotor impedance based on a single piezoelectric transducer. Moreover, owing to the different locations of the two piezoelectric transducers, two sets of sensitivity matrix which are linearly independent with each other are derived, and then more available admittances can be obtained by exciting the two piezoelectric transducers successively. Obviously, the rank of the sensitivity matrix can be increased and the ill-posed inverse problem of damage identification equations can be well improved, which leads to an accurate damage detection. Simulated and experimental results show that the proposed coupled impedance-based composite rotor damages identification method with double piezoelectric transducers can more accurately identify the locations and severities of the compound damages and be more suitable for the detection of composite tiny damages, compared to the impedance-based damage detection method with a single piezoelectric transducer.
I. INTRODUCTION
The rotor plays an important role in most rotary machineries such as vehicles, machine tools, wind turbines and aero-engines. Cracks may appear when a rotor suffers from alternating thermal stress. This damage in a rotor can severely disturb the normal operation of rotary machinery and even lead to the fracture of the whole rotor under some extreme working conditions. For example, one rotor of an USA electric power plant was subjected to a fracture fault and enormous economic losses were caused in 1974 [1] . Consequently, accurate damage detection at the early stage is greatly important for the health monitoring of mechanical equipment.
Currently, the rotor damage detection is mainly focused on qualitative fault diagnosis. Through measuring the vibration and electric signals of the rotor system, the rotor fault type can be identified by using time, frequency and timefrequency domain analysis. For example, Darpe [2] proposed the wavelet spectrum to diagnose the transverse crack in a rotating shaft. Sawicki et al. [3] used an additional excitation to induce a combination frequency to detect the crack of rotor. Tsoumas et al. [4] employed the stator current analysis to diagnose the fault of an asynchronous motor rotor. Qin et al. [5] proposed a new iterative basis pursuit method based on the short-time Fourier basis to diagnose the crack damage of a rotor. Hou et al. [6] analyzed the nonlinear vibration of a rotor system with a transverse crack, which can be used for rotor crack identification. Besides judging whether the rotor is damaged, we also want to identify the location and severity of the damage accurately to make reasonable maintenance plan. However, quantitative fault diagnosis of a rotor is more worth to attention. For example, Sekhar et al. [7] used the Hilbert spectrum to detect the damages of rotor bars with different levels, but the detection is relevant to the load condition. Madhavan et al. [8] proposed the resonant mode features to identify the damage of rotor based on finite element model. Koduru and Rose [9] applied the guided waves to monitor the structure health. Dong et al. [10] proposed a rotor crack detection method bases on a high-precision wavelet finite element model and modal parameter identification. Unfortunately, these methods mainly aim at a single damage. A variety of non-destructive evaluation (NDE) methods, such as the impedance method and PZT-based method [11] - [19] , have been proposed to quantitatively detect the structural damage. Among these structure health monitoring approaches, the damage identification method based on piezoelectric impedance has been widely studied since the late 1990s. The principle of this method is based on the Electro-Mechanical (E/M) coupling property of piezoelectric materials with the tested structure. As the electromechanical coupled impedance of the rotor can change along with the variation of mechanical impedance which is caused by structural damage, by measuring and comparing the coupled impedances of damaged structure and undamaged structure and extracting the peak frequency offset and amplitude variation of impedance signal spectrum as the structural damage indexes, the quantitative damage detection for identifying the damaged location and severity can be realized. Fan and Qiao [20] detected the structural damage through the change of modal parameter based on the finite element method. Liu and Giurgiutiu [21] used the finite element method to simulate the coupling between the structure and the piezoelectric transducer, and then compared the result with the experimental result. Kitts and Zagrai [22] used the finite element method to simulate the influence of the bonding layer depth and the location of piezoelectric transducer on the structure upon the effectiveness of damage identification. To some extent, these methods can achieve the damage detection by the change of impedance, whereas their precision and calculation efficiency is not very satisfactory due to the limitation of the finite element method.
In the past ten years, the spectral element method (SEM) is brought into focus. It has the merits of finite element method (FEM), dynamic stiffness method and spectral method. Thus it can achieve higher computational accuracy and efficiency than FEM when the total element number is limited. Recently, some researchers have obtained the numerical expression of piezoelectric impedance by SEM. Quantitative damage detection for beams and some other one-dimension structures with SEM has been carried out [23] - [26] . Due to the complex boundary conditions and various loads, it is more difficult to build the numerical model for two-dimension structures. Cherrier et al. [27] used the electromechanical coupled impedance method to detect the damage of onedimension and two-dimension structures. Qin et al. [28] established the two-dimension structure SEM model of rotor by meshing the rotor into annular elements and then proposed an impedance-based rotor damage detection method with a single piezoelectric transducer, which is implemented by solving the inverse problem with a sensitivity matrix. However, in this model, the rank of the sensitivity matrix is low and the efficient impedances are not sufficient enough, which may seriously influence the accuracy of damage detection and lead to false detection, especially for incipient damage detection. Therefore, to increase the rank of the sensitivity matrix, we obtain two independent sets of electromechanical stiffness matrix by changing the dynamics characteristics of the electromechanically coupled system with two piezoelectric transducers and circuits which are placed at different locations. Then more efficient impedances (admittances) can be obtained by exciting the two piezoelectric transducers successively. Thus the coupled impedance-based compound damages detection model with double piezoelectric transducers can notably improve the ill-posed inverse problem of the damage identification equations, which will result in more accurate damage location and severity identification. In addition, since differently placed piezoelectric transducers would yield different detection results, the result obtained by exciting the two piezoelectric transducers successively is equivalent to synthesize the respective detection results of two transducers. As a result, the proposed method can effectively improve the accuracy of compound damages identification, detect small size damages and avoid the false detection. It can be seen known from the results of simulations and experiments that the method proposed in this study can detect the compound damages of rotors more accurately than the previous rotor damage detection method [28] based on a single piezoelectric transducer.
Hereafter, this paper is organized as follows. In section II, the preliminary of impedance-based rotor damage detection is firstly introduced, and the previous rotor damage detection method with a single piezoelectric transducer is briefly presented, then the coupled impedance-based composite rotor damages detection method with double piezoelectric transducers is proposed and elaborated. In section III, the proposed method is validated by numerical simulations. An experiment is performed to further demonstrate the superiority of the new composite rotor damages detection method in section IV. Finally, the conclusions are drawn in section V. 
A. OVERVIEW OF ROTOR PIEZOELECTRIC IMPEDANCE
This study employs annular elements which have fewer nodes and degrees of freedom for the rotor unit division. Moreover, it is more convenient to use circular elements under the circumference boundary condition to solve displacement field and stress field of a circular plate. For each annular element, there are only two nodes (inside and outside) and for each node there are two degrees of freedom. A tiny annular element with the inner diameter a and outer diameter b is chosen and then a polar coordinate system is established as shown in Fig. 1 .
For inner and the outer boundaries (nodes) of the annular element, we assume that their transverse forces are respectively V 1 and V 2 , their bending moments are respectively M 1 and M 2 , their displacements are respectively v 1 and v 2 , and their rotations are respectively θ 1 and θ 2 . And the boundary conditions of the annular element are given below:
It then follows that the dynamics equations are given by
where F e is the node generalized force and U e is the node generalized displacement.
As the dynamic stiffness matrix of annular element can be expressed as [29] - [30] :
where n is the number of nodal diameters. When n = 0, α = 2; when n >= 1, α = 1. For the annular element used in this study, n equals to 1, thus α should be 1. In Eq. (4), [H n ], [N n ] and λ can be respectively defined as:
where ρ is the material density,h is the thickness of the annular element, w is the vibration frequency and D is the bending stiffness. [A n (λ)] And [S n (λ)] are respectively expressed as
where J n is the Bessel function of the first kind, Y n is the Bessel function of the second kind, I n is modified Bessel function of the first kind and K n is the modified Bessel function of the second kind.
From Eq. (4), we can obtain the dynamic stiffness matrix of the whole rotor structure which is given by:
where L j is the transformational matrix to obtain the stiffness matrix of the whole structure by assembling the stiffness matrix of elements. It only relates to the geometric parameters and the way the structure is meshed [31] . According to spectral element method, the rotor is meshed into m elements and a piezoelectric transducer is stuck on the pth element. The corresponding test circuit is illustrated in Fig. 2 .
When the piezoelectric transducer is excited by a voltage V i , due to the reverse piezoelectric effect, the bending moment of the median plane is generated and calculated by:
where C A is the voltage-moment conversion coefficient, which is only related to the structure of the piezoelectric transducer, the excited structure and the excitation circuit; t and t a respectively represent the thickness of the rotor and the piezoelectric transducer, ν a , E a , d 31 are the Poisson ratio, Young's modulus, piezoelectric coefficient of the piezoelectric transducer, respectively. ω is the excitation circular frequency and R is the resistance of the test circuit. A vector Q p which is defined as (13) is used to indicate the location of the piezoelectric transducer. Then the generalized force vector F can be calculated by
The frequency-domain displacement vector U under harmonic excitation V i can be expressed as:
where v and θ respectively represent the transverse displacement and rotation angle at each node.
After the displacement is solved, the output voltage of the piezoelectric transducer due to the displacement field can be calculated by [32] - [33] :
where ε T 33 and r a are respectively the dielectric constant and diameter of the piezoelectric transducer.
According to the test circuit shown in Fig. 2 , the voltage drop V o across the resistor R can be expressed as: (20) where C p is the equivalent capacitance of the piezoelectric transducer. With the input voltage V i and output voltage V o , the piezoelectric admittance, i.e. the inverse of the impedance, can be calculated by:
Substituting Eqs (12), (14), (15) and (19) into Eq. (21), the piezoelectric admittance of the undamaged rotor can be finalized as:
B. THE IMPEDANCE-BASED ROTOR DAMAGE DETECTION METHOD WITH A SINGLE PIEZOELECTRIC TRANSDUCER
The previous rotor damage detection method [28] is based on piezoelectric impedance of the undamaged and damaged rotor. By comparing the piezoelectric impedance of the same rotor in the two different status, the method can identify the damage location and severity of the rotor. Obviously, the damage may lead to the change of elemental bending stiffness, and we define the change index as:
where I j is the second order moment of inertia;Ē j is the complex Young's modulus of the rotor which is equal to E j (1+iη), and η is the mechanical loss factor of the structural material; D j is the structural damage index of the jth rotor element and represents the percentile change of elemental bending stiffness. By solving a damage index vector
(m represents the number of the elements), the severity and the location of the damages can be obtained. Since the damage will affect the dynamic stiffness matrix S(ω), the piezoelectric admittance of the damaged rotorỸ (ω) can be calculated by replacing S(ω) withS(ω) in Eq. (22), whereS(ω) is the dynamic stiffness of the damaged rotor. To formulate the linear relationship between S(ω) andS(ω), an expansion approach should be employed and only the linear terms in the expansion series are kept, while the nonlinear terms are small enough to be neglected. Here a Taylor series expansion is used to expand the dynamic stiffness of the damaged rotorS(ω) and the process of expanding is given below. Suppose that the two functions which are respectively with damage information and without damage information are respectively defined as:
With the Taylor series expansion, we have
d j (25) arg min
where K ej is the frequency-independent static matrix of the jth element formulated in [28] . According to Lee's approximation approach, we can obtain:S (27) By the use of Eqs. (24)-(27), we have:
Then substituting Eq. (28) into Eq. (22), the piezoelectric admittance of the damaged rotor can be finalized as:
Subtracting Eq. (29) from Eq. (22), the admittance difference Y between the damaged rotor and the undamaged rotor can be expressed as:
After some derivations, the relationship between the sensitivity matrix and the admittance difference can be expressed as:
where G denotes the sensitivity matrix such that
where N represents the number of admittance measurements of the integrated system.
C. THE COUPLED IMPEDANCE-BASED COMPOSITE ROTOR DAMAGES DETECTION METHOD WITH DOUBLE PIEZOELECTRIC TRANSDUCERS
According to Eq. (32), the location and severity of the damage can be identified by solving the damage index vector D. However, when the sensitivity matrix G is rank deficient, i.e. rank(G) < m, or the number of available admittance measurements is small [24] - [25] , the solution accuracy of D may be low, even the result may be totally wrong.
To obtain more accurate damage index, there are two methods that can improve the ill-posed nature of the inverse problem.
One is reducing the number of the element m. The spectral element method in this study has the advantage which can obtain more accurate result with less elements or even one element. However, reducing the number of elements m will lead to inaccuracy of damaged location detection. For example, if the structure is meshed into one element extremely, we only enable to identify that there is damage but completely cannot determine the accurate location of the damage. Therefore, to improve the detection accuracy of the damaged location, it is necessary to mesh the rotor with sufficient number of elements. The other is increasing the number of the admittance measurements N . As the change at the resonant peak caused by structure damage is more significant, we choose the admittance values around the resonance peaks. Due to that the admittances around the resonant frequency in the same model have similarity, i.e. the admittances are linear dependent with each other. Thus, the available admittances input of Eq. (32) cannot be improved by simply increasing the number of the admittance around the resonant frequency in the same model. To increase the rank of sensitivity matrix and available admittance measurements, we propose a coupled impedancebased rotor damage identification model by adding another piezoelectric transducer and the corresponding test circuit, which is illustrated in in Fig.3 . The two piezoelectric transducers are named P1 and P2 respectively in this figure. With this model, a new composite rotor damage detection approach is proposed. Firstly, the piezoelectric transducer P1 is excited while the piezoelectric transducer P2 is serially connected with the external resistance R and not be given the excitation signal V e , then the piezoelectric impedance of the coupled system is measured through the piezoelectric transducer P1. Secondly, with the similar method, the piezoelectric transducer P2 is excited while the piezoelectric transducer P1 is directly connecting with the external resistance R without excitation, and then the piezoelectric impedance of the coupled system is measured through the piezoelectric transducer P2. Obviously, when the piezoelectric transducer P1 is excited, the piezoelectric transducer P2 and the related circuit will be coupled with the rotor so as to change the dynamics characteristics of the integrated system, i.e. the rotor bending stiffness is changed. It immediately follows from Eqs. (4) and (22) that the dynamic stiffness matrix and the electromechanical impedance of the rotor will change along with the variation of the bending stiffness. Similarly, the piezoelectric transducer P1 and the related circuit are also coupled with the rotor and the new piezoelectric impedance can be obtained. It is worth noting that the coupled impedance measurements are different from the impedance measurements obtained by the previous damage detection method based on a single piezoelectric transducer, and the impedance measurements obtained by two piezoelectric transducers are also different from each other due to their different positions, so the measurement inputs of Eq. (32) are effectively enriched. Moreover, owing to the different locations of the two piezoelectric transducers, the formulated dynamic stiffness matrixes under two types of excitations are completely different. It then follows that the corresponding sensitivity matrixes G 1 and G 2 are linear independence with each other, thus G 1 and G 2 can be synthetically used to construct a new sensitivity matrix G sum . Obviously, the rank of G sum is larger than that of G 1 and that of G 2 , which is beneficial to solving the ill-posed inverse problem, consequently the damage index D can be more accurately calculated by the proposed rotor damage detection method with double piezoelectric transducers.
First, the piezoelectric transducer P1 is excited by the sine sweeping voltage signal V e which makes the rotor generate a displacement vector U 1 . Due to the direct piezoelectric effect, U 1 makes the piezoelectric transducer P2 generate a voltage:
where Q p2 represents the location of the transducer. According to Eq. (12), the bending moment of the piezoelectric transducer P2 can be expressed as:
Then, since an additional piezoelectric transducer is integrated into the damage detection model, the generalized force vector in Eq. (14) should be added by another term, which is defined as:
According to Eq. (15), the generalized force can be written as:
Substituting Eq. (38) into Eq. (37), we can obtain:
By the use of Eq. (14), we have:
It follows from Eqs. (38) and (40) that
And, according to Eqs. (34) and (35), we can obtain:
Then substituting Eqs. (41) and (42) into Eq. (39), we have:
By eliminating U 1 in Eq. (43), the coupled stiffness matrix can be written as:
Substituting Eq. (44) into Eq. (22), the piezoelectric admittance of the undamaged rotor obtained by the piezoelectric transducer P1 is given by:
Similarly, with Eqs. (44) and (29), the piezoelectric admittance of the damaged rotor obtained by the piezoelectric transducer P1 is given by:
It immediately follows from Eqs. (45) and (46) that the admittance difference between the damaged rotor and the undamaged rotor obtained by the piezoelectric transducer P1 can be written as:
(47)
And define the sensitivity matrix G1, whose elment is given by:
Obviously, a set of Y 1 and G 1 can be obtained by exciting the piezoelectric transducer P1. Then we excite the piezoelectric transducer P2 and make the piezoelectric transducer P1 serially connect with the external resistance R. In the same way, the coupled stiffness matrix S 2 is given by:
Substituting Eq. (50) into Eq. (22), the piezoelectric admittance of the undamaged rotor obtained by the piezoelectric transducer P2 can be formulated as:
And substituting Eq. (50) into Eq. (29), the piezoelectric admittance of the undamaged rotor obtained by the piezoelectric transducer P2 can be formulated as:
With Eqs. (51) and (52), the admittance difference between the damaged rotor and the undamaged rotor obtained by the piezoelectric transducer P2 can be written as:
(53) Similarly, the element of the sensitivity matrix G 2 is calculated by:
Thereby, another set of Y 2 and G 2 is obtained. By integrating Y 1 , Y 2 , G 1 and G 2 , the coupled impedance-based rotor damage identification algorithm can be described as the following equations:
The comparison between the piezoelectric impedance-based rotor damage identification algorithm of with a single piezoelectric transducer and the coupled impedance-based rotor damage identification algorithm of with double piezoelectric transducers can be explained by:
Obviously, the coupled impedance-based rotor damage detection method with double piezoelectric transducers increases the rank of the sensitivity matrix up to 2 × n by combining the two linear independent sensitivity matrixes G 1 and G 2 , and the number of available admittance differences are also enriched up to 2 × n. Consequently, the previous ill-posed inverse problem can be well improved, and the locations and the severities of the composite rotor damages can be accurately identified by the proposed algorithm.
III. SIMULATION ANALYSIS
According to the damage identification model of rotor in the second section, the specific experimental parameters are simulated and analyzed. Firstly, the specific parameters of the rotor and piezoelectric transducer are listed in Table 1 and Table 2 .
A. EXAMPLE 1
As shown in Fig. 4 , the rotor in this research is meshed into 60 elements, and the 1st and the 42th elements are processed with two notches, whose thicknesses are 0. transducers are located on the 18th and the 24th elements, respectively. We excite the PZT1 (P1) and PZT2 (P2) successively with a sine sweep signal in the range of 1200Hz-7600Hz. With Eqs. (45) and (46), the coupled impedance amplitude curves of undamaged rotor and damaged rotor and their difference curve under P1 excitation can be calculated, which are respectively shown in Fig.5(a) and 5(b) . From Fig. 5(a) , it can be seen that the impedance curves of undamaged rotor and the damaged rotor under P1 excitation are basically coincident. The impedance amplitudes decline rapidly in the low frequency phase and begin to flatten later. This is because that the absolute values of the imaginary part are large but not sensitive to the damage, while the absolute values of the real part are sensitive to damage, whereas they are much smaller than these of the imaginary part. From Fig. 5(b) , it can be seen that there are two peaks and one valley around the first-order resonant frequency and second-order resonant frequency which are 2050Hz and 5450Hz respectively. The causation of this phenomenon is that the natural frequency of the rotor has changed after damage, and it is mainly caused by the change of the real part of the impendence. Thus the real part and imaginary part of the coupled impedances of undamaged rotor and damaged rotor under P1 excitation are given in Fig. 6(a) and 6(b) respectively. From Fig. 6(a) , it can be seen that there are two peaks around 2050Hz and 5450Hz in both the two curves. However, the peak of the real part of the damaged rotor impedance has a left shift about 20Hz and is smaller, compared to that of the undamaged rotor. The corresponding peak frequency of the real part curve is the resonant frequency. It accords with the common viewpoint that there will be the definite frequency shift and lower peak. Particularly, the more remarkable the phenomena are, the more serious the damaged severity is. It can be seen From Fig. 6(b) that the imaginary part of undamaged rotor and damaged rotor are basically consistent, which verifies the previous conclusion. In the same way, the coupled impedance amplitude curves of undamaged rotor and damaged rotor and their difference curve under P2 excitation are calculated, which are shown in Figure 7 (a) and 7(b) respectively. Comparing Figure 6 with Figure 7 , it can be seen that the change rules of the coupled piezoelectric impedance curves under different excitation positions are basically consistent. The real part and imaginary part of the undamaged rotor impedances and damaged rotor impedances under P2 excitation can be shown in Figure 8 (a) and 8(b) respectively. From Figure 8 , it can be also known that the resonant frequency and the corresponding peak value of the real impedance curve after the rotor is damaged will reduce, and the imaginary impedance curves are basically consistent whether or not the rotor is damaged.
According to Figs. 6 and Fig. 8 , the admittance difference Y 1 under P1 excitation and the admittance difference Y 2 under P2 excitation can be obtained. Then we can calculate the damage index vector D by Eq. (56) as shown in Fig. 9 (green histogram). It can be seen from this figure that the 1st and the 42th elements' damage indexes are respectively 0.305 and 0.203, which are very close to their real damage indexes--0.3 and 0.2. There are many other elements having definite damage indexes except the two elements as Eq. (29) is deduced by the equation (22) through the Taylor series expansion. However, the method proposed in this research that excites the piezoelectric transducers which are placed on different locations can decrease these errors effectively. To show the superiority to the method proposed by [28] , the detection result obtained by the impedance-based rotor damage detection method with a single piezoelectric transducer (the range of the sine excitation frequency is also 1200Hz-7600Hz) is shown in Fig. 9 (red histogram) . It can be seen from this figure that the 1st and the 41th elements damage indexes are 0.312 and 0.226 respectively. Obviously, they are larger than the results obtained by the proposed method, and the location of the second damage (the 42th element) is inaccurately identified. In addition, some other elements appear false damages, such as D 27 = 0.0253, D 34 = 0.0489 and D 60 = 0.0336. From  Fig. 9 , it can be seen that the proposed method can more accurately detect both the locations and severities of the two damages and obtains fewer false damages. Therefore, the coupled impedance-based damage detection method with double piezoelectric transducers greatly improves the performance of the previous rotor damage detection method.
B. EXAMPLE 2
To show the advantages of the proposed method in composite tiny damages identification, we carry out the simulation experiment as follows. The rotor is still meshed into 60 elements, and the 1st, the 42th and the 57th elements are processed with three notches, whose thicknesses are VOLUME 6, 2018 Table 3 . Fig. 10 and Table 3 show that the proposed method can be well applied to the quantitative detection of composite tiny damages and its performance is much higher than that of the impedance-based rotor damage detection method with a single piezoelectric transducer. From the two examples, we can also see that the proposed the damage index D can accurately reflect the development of rotor damage (from the tiny damages to large damages) under the same excitation frequency range, since the natural frequencies of the system are almost the same for different damages.
IV. EXPERIMENT VALIDATION
To further illustrate the efficiency and superiority of the proposed method, it is applied to detect the compound damages of a real rotor and compared with the previous impedancebased rotor damage detection method with a single piezoelectric transducer.
The schematic and setup of the proposed composite rotor damages detection system are respectively shown in Fig. 11 and Fig. 12 . This system is mainly composed of an Agilent33521A signal generator, a data acquisition device, two P-55 PZT transducers and a signal analysis instrument. In the process of damage detection, the sine sweeping signal is generated by the signal generator and inputted into the piezoelectric transducer. The two piezoelectric transducers are stuck on the rotor by the transparent epoxy resin AB glue. Due to the reverse piezoelectric effect, the piezoelectric transducer will be excited at the same frequency as the input signal. Then the output voltage signal can be measured by the test circuit. The input voltage signal of the signal generator and the output voltage signal across the external resistance R are synchronously collected by the data acquisition device for the calculation of rotor electric impedance. Signal processing and damage identification are performed by the signal analysis instrument. As the small size damages are difficult to machine, the damaged locations and severities of this experimental rotor are machined according to example 1. Moreover, to avoid the error between simulation model and real model, the impedance of the real undamaged rotor is used as the reference model in this experiment. Therefore, we also manufacture an undamaged rotor.
First, the undamaged and damaged rotors are excited by PZT1 respectively and the excitation signal is a sine sweep signal in the range of 1200Hz-7600Hz, which is chosen according to the dynamic characteristic of the rotor system. As aforementioned, the damage of rotor mainly affects the real part of the piezoelectric impedance. So the real parts of impedances of undamaged and damaged rotors under P1 excitation are shown in Fig. 13 . We can see from Fig.13 that there are peaks around 2050Hz, 5450Hz and 7000Hz and the peak around 2050Hz is the most prominent and the largest. In addition, there is obvious characteristic of frequency left-shift for the real impedance of the damaged rotor and the peaks in this curve are commonly lower than these in undamaged one, which is consistent with previous simulation results. Comparing Fig. 6 with Fig. 13 , it can be seen that there are a series of peaks around 7000Hz in the experimental results which didn't appear in the simulation results. These differences may be resulting from some factors such as the different boundary conditions, measuring error, the bonding layer between the PZT and the rotor and so on. Then the undamaged and damaged rotors are excited by PZT2 successively with the same excitation signal as P1. The real parts of impedances of undamaged and damaged rotors under P2 excitation are shown in Fig. 14 . It can be seen from this figure that there are also obvious peaks around 2050Hz, 5450Hz and 7000Hz and the peak around 2050Hz is the largest. In addition, the frequency shift and lower peak phenomena also appear. As the largest peak is around 2050Hz and the number of impedance measurements is large, the coupled impedances of undamaged and damaged rotors under P1 excitation within the range of 2000Hz-2100Hz are used to calculate the admittance difference Y 1 . In the same way, the coupled impedance of undamaged and damaged rotors under P2 excitation within the range of 2000Hz-2100Hz are used to calculate the admittance difference Y 2 . Then the damage index vector D can be calculated by Eq. (56). The detection result obtained by the proposed method in this experiment is shown in Fig. 15 , where the 1st and the 42th elements' damage indexes are 0.302 and 0.192 respectively. Under the same excitation, the detection result obtained by the impedancebased rotor damage detection method with a single piezoelectric transducer is shown in Fig. 16 , where the 1st and the 40th elements' damage indexes are 0.31 and 0.187 respectively. Comparing Fig. 15 with Fig. 16 , we can know that the detection result obtained by the proposed method not only has higher detection precision for both at the target elements, but also has smaller false damage indexes at other elements. It further indicates that the proposed method has stronger ability to identify the composite rotor damages. However, false damages appear in the results of both approaches, which are mainly caused by the joint effects of model error, calculation error, experimental error.
V. CONCLUSIONS
To accurately identify the locations and severities of the composite rotor damages, this study proposes a coupled impedance-based composite rotor damages detection method with double piezoelectric transducers by utilizing the piezoelectric impedance and spectral element method. First, the rotor can be simplified as a thin circular plate with a center hole, and the inner boundary of the rotor is coupled with a shaft which is fixed on the experimental platform.
Then we introduce the SEM model of rotor, which is meshed by annular elements, and how to compute the piezoelectric admittances of undamaged rotor and damaged rotor. On this basis, the piezoelectric transducers which are placed on different locations are excited respectively in this study, and the inverse equation of rotor damage identification based on double piezoelectric transducers are derived by combining the two sets of sensitivity matrixes and admittance which are linear independence with each other. By changing the dynamic characteristics of the electromechanically coupled system, the proposed method increases the rank of the sensitivity matrix and the number of efficient admittances so that the ill-posed inverse problem of damage identification equations can be highly improved. Therefore, the detection precision of the composite rotor damages for rotors, especially composite tiny damages, is greatly increased. Via the simulation analysis and real experiment, the effectiveness and superiority of this method are proved.
In further research, various signal processing methods can be used to process and optimize the impedance measurements and the bonding layer can be introduced into the analytical model. The mathematical model (e.g. the sensitivity matrix) should be also corrected by the experimental results so that the damage detection precision of the method can be further improved in real application. In addition, the small-sized, portable, real-time, wireless impedance/admittance monitoring systems based on multiple piezoelectric transducers can be studied to promote the engineering application of the proposed method. 
